To determine the effect of metoprolol on silent ischemia and platelet aggregability, 10 patients with coronary artery disease were studied with a randomized, double-blind, placebo-controlled, crossover trial. Patients were treated with metoprolol (200 mg b.i.d.) or placebo for 1 week and then received the alternate therapy. Two days before the end of each treatment period, platelet aggregability was studied for 24 hours, and a 48-hour ambulatory electrocardiogram was obtained. Compared with placebo, metoprolol significantly decreased the total number (from 26 to 4, p < 0.01) and duration (from 735 to 84 minutes, p < 0.01) of silent ischemic episodes. This decrease was accompanied by a decrease in the mean blood pressure (from 127/81 to 118/71 mm Hg, p < 0.01) and the mean heart rate (from 70 to 54 beats/min, p < 0.01). The incidence of silent ischemic episodes in the morning was significantly higher in untreated patients than in treated patients. The few episodes observed during metoprolol treatment occurred at the same time as the peak incidence observed during placebo treatment. During placebo treatment, platelet aggregability increased from 6:00 to 9:00 AM as reflected by a decrease in the threshold concentrations of ADP and epinephrine required to induce biphasic platelet aggregation (from 4.8±0.8 to 2.6±0.4 pM, p <0.02; and from 7.3±2.3 to 1.8±0.9 ,M, respectively, p <0.02). Metoprolol did not alter the basal level nor blunt the morning increase of platelet aggregability. We conclude that patients with coronary artery disease have a marked increase in platelet aggregability from 6:00 to 9:00 AM that is not alfected by P-adrenergic blockade with metoprolol. Despite not affecting platelet aggregability, metoprolol compared with placebo decreases the number and duration of silent ischemic episodes. The decrease in the frequency of silent ischemic episodes is accompanied by a decrease in blood pressure and heart rate, suggesting that the beneficial effect of metoprolol is due, at least in part, to a reduction of myocardial oxygen demand and not to inhibition of transient platelet aggregation. The morning surge of transient ischemic events can be effectively blocked without changing platelet aggregability. (Circulation 1989;79:557-565) 
producing a morning increase in myocardial infarction, sudden cardiac death, or stroke because the latter are associated with formation of a fixed intraluminal thrombus. The sympathetic nervous system, which itself shows a morning increase in activity as a surge of plasma catecholamine levels, heart rate, and blood pressure, may be a principal pathophysiologic mechanism underlying the morning increase of reversible myocardial ischemia. 13 The relation of the morning sympathetic surge to platelet aggregability and the relation of platelet aggregability to episodes of reversible ischemia are unclear.14,15 In vitro and in vivo investigations have shown that increased concentrations of epinephrine and norepinephrine increase platelet aggregability,16-18 but the effect of ,3-adrenergic blockade on the morning surge of platelet aggregability has not been studied.
The effect of ,3-adrenergic blocking agents on platelet aggregability is also controversial. There are reports that P-adrenergic blockade may reduce platelet aggregability in vitro and in vivo, [19] [20] [21] [22] [23] [24] [25] and clinical studies in patients after myocardial infarction suggest that some of the cardioprotective effects of 13-blockers may, at least in part, be due to an antiplatelet effect.2627 Other investigators, however, have reported that ,B-blockers do not reduce platelet aggregability, that the concentration required to inhibit platelet aggregability in vitro exceeds that obtained physiologically, or that these agents may even increase platelet aggregability.28-31 Although their effect on platelet aggregability is uncertain, ,3-adrenergic blocking agents have been well documented to reduce the frequency of episodes of silent ischemia in patients with effort angina. [32] [33] [34] [35] The role of a f-blocker-induced effect on platelet aggregability leading to a reduction in episodes of silent ischemia has not been previously studied.
The purposes of this study, therefore, were 1) to determine whether or not the morning increase in platelet aggregability observed in normal individuals also exists in patients with coronary artery disease; 2) to determine the effect of metoprolol on the morning increase in platelet aggregability; and 3) to elucidate the mechanisms suppressing silent ischemia by metoprolol by comparing its effect on transient myocardial ischemia, platelet aggregability, and determinants of myocardial oxygen demand.
Methods

Study Design
In a randomized, double-blind, placebo controlled, crossover trial, 10 patients (two women, eight men; range, 52-77 years of age) were studied. Each patient had coronary artery disease documented by at least one of the following criteria: luminal diameter stenosis 70% or greater of one or more major coronary arteries or of their primary branches observed at coronary angiography, history of previous myocardial infarction, history of coronary artery bypass surgery, or exercise tread- Figure 1 ). Each phase included an out-of-hospital period (7 days), an in-hospital period (1 day), and another out-of-hospital period (1 day). During the first out-of-hospital period, metoprolol or placebo was titrated during a 3-day period from an initial dosage of 50 mg b.i.d. to a final dosage of 200 mg b.i.d. administered at 7:00 AM and 7:00 PM. The patients were instructed to contact an investigator immediately in case of any side effects, to reduce the dosage (to 100 mg b.i.d.), or, in case of persistent side effects, to be excluded from the study. Seven and 16 days after initiation of the study, the patients were admitted for a 24-hour in-hospital period to the Clinical Research Center of Brigham and Women's Hospital. During the 24 hours, nine venous blood samples were drawn at 3-hour intervals (separate venipuncture each time) starting and ending at noon for measuring platelet aggregability, plasma norepinephrine and epinephrine levels, and platelet and hematocrit count. Pulse know the treatment the patient was receiving nor the occurrence of ischemia identified by the ambulatory ECG. ADP-and epinephrine-induced platelet aggregability was determined in platelet-rich plasma by aggregometry.38 Details of the procedure and analysis have been previously described.'2 All aggregometry tracings were analyzed by one investigator (G.H.T.) who was unaware of when the blood sample was taken and of the treatment received by the patient.
Hematologic measurements. Hematocrit and platelet counts were made in whole blood with a Coulter Counter (Coulter Electronics, Hialeah, Florida). Platelet count in platelet-rich plasma was determined with a Model Rl Coulter Counter.
Plasma catecholamines. Plasma norepinephrine and epinephrine were analyzed by a modification of the differential isotopic radioimmunoassay of Peuler and Johnson.39
Relation Between Platelet Aggregability and Episodes of Ischemia
To determine the relation between platelet aggregability and the frequency of ischemic episodes, a comparison was made between the threshold concentrations of ADP and epinephrine required to produce platelet aggregation just before episodes of silent ischemia and the respective threshold concentrations at times when ischemia was not present. The analyses were performed for the placebo period, for the metoprolol period, and for both periods combined.
Statistical Analysis
The mean values of two treatment phases or two time points of platelet aggregability were compared by the two Table 1 ). The heart rate 5 and 2 minutes before the episode and at the onset of the episode and the maximum heart rate during the episode were significantly lower during metoprolol treatment compared with placebo; however, the difference in heart rate between 5 minutes before the episode and the peak heart rate during the episode was similar between the phases (Table 1) . During placebo treatment, the peak incidence of ischemic episodes occurred in the morning (46% occurred between 6:00 AM and noon, p<0.01 compared with other times of day [ Figure 3A] ). There were no ischemic episodes between midnight and 6:00 AM. Administration of metoprolol was associated with a reduction in episodes throughout the day, although the distribution of episodes still exhibited a distinct peak at the same time of day as the peak observed during the placebo phase.
Effect of Metoprolol on Systemic Arterial Pressure and Heart Rate Compared with placebo, metoprolol decreased mean systolic arterial blood pressure during the in-hospital phase from 127 ± 2 to 118 ± 2 mm Hg (p<0.01), mean diastolic pressure from 81±1 to 71±1 mm Hg (p<0.01), and mean heart rate from 70 ± 1 to 54 ± 1 beats/min (p < 0.01).
Relation Between Platelet Aggregability and Onset of Ischemic Episodes
During the placebo treatment period, the mean threshold concentration of ADP required to produce platelet aggregation at the sampling interval immediately before episodes of ischemia was 3.7 ±0.6 ,LM, whereas the mean threshold concentration of ADP at sampling intervals when ischemia did not occur was 3.5 ± 0.3 AtM (p = NS). The respective values for the mean threshold concentrations of epinephrine were 4.6 ± 1.7 versus 4.8±1.0 ,uM (p=NS). During the metoprolol period, not enough episodes of ischemia occurred to allow for meaningful analysis. Combining both the placebo and metoprolol treatment periods, the respective values for the mean threshold concentration of ADP were 3.4±0.5 versus 3.1±0.2 ,LM (p = NS), and the values for epinephrine were 4.1 ± 1.4 versus 3.7 ± 0.7 ,uM (p = NS).
Effect of Metoprolol on Platelet Aggregability
Morning increase ofplatelet aggregability. During placebo treatment, platelet aggregability exhibited a marked increase from 6:00 to 9:00 AM as indicated by significant decreases in threshold concentrations of ADP (from 4.8±0.8 to 2.6±0.4 ,uM, (Figures 3B and 3C ). Basal level of platelet aggregability, expressed as the mean threshold concentrations of all samples for ADP during metoprolol treatment, was 3.5 ± 0.3 versus 3.3±0.2 ,M during placebo treatment (p = NS). For epinephrine, the corresponding value was 3.5 ± 0.6 ,uM during metoprolol treatment versus 4.2±0.6 ,uM during placebo treatment (p =NS). Compared with placebo, metoprolol did not alter the mean platelet count in whole blood (248 ± 4 vs. 243 ± 4 counts/nl, p= NS) and platelet-rich plasma (241 ± 7 vs. 238 ± 7 counts/nl, p = NS) nor the mean hematocrit count (40 ± 0.3% vs. 39 ± 0.3%, p = NS).
Effect of Metoprolol on Plasma Norepinephrine and Epinephrine Levels
During the placebo treatment period, the plasma norepinephrine level increased between 6:00 and 9:00 AM from 221±14 to 362±31 pg/ml (p<0.01, Figure 4A ). Compared with placebo, metoprolol did not blunt the morning surge, but it increased the 24-hour average level of plasma norepinephrine from 309±23 to 392±37 pg/ml (p<0.01). During the placebo period, the plasma epinephrine level increased between 6:00 and 9:00 AM from 31±3 to 53±7 pg/ml (p<0.05, Figure 4B ). Metoprolol did not suppress the morning surge of plasma epinephrine level. During metoprolol therapy, there was a trend toward an increased 24-hour average level of plasma epinephrine from 45±5 to 55±6 pg/ml (p<O0.07).
Discussion
This study shows that patients with coronary artery disease exhibit a morning increase in platelet aggregability similar to that previously reported for normal subjects.12 This increase was not affected by ,B-adrenergic blockade with metoprolol, which effectively reduced the number of episodes of silent ischemia. The significant decrease in number and duration of episodes of silent ischemia during metoprolol treatment compared with placebo was accompanied by a decrease in blood pressure and heart rate but not by a decrease in platelet aggregability, suggesting that the anti-ischemic effect was caused by a reduction of myocardial oxygen demand. Dur Our results indicate that metoprolol is effective in reducing the frequency and duration of episodes of silent ischemia and that this anti-ischemic effect is due primarily to its ability to reduce myocardial oxygen demand and not to an effect on platelet aggregability. Metoprolol may also have had a beneficial effect on episodes of myocardial ischemia by prolonging diastole and providing more time for coronary flow. The concept that metoprolol does not exert its beneficial effect by decreasing platelet aggregability is supported by the observation that there was no temporal relation between episodes of silent ischemia and increases in platelet aggregability. Imperi and coworkers32 recently showed that metoprolol's effect of decreasing episodes of silent ischemia was associated with a reduced heart rate both at the onset of myocardial ischemia and at the heart rate rise occurring after the onset of ischemia. Our data confirm that metoprolol lowers the heart rate before the onset of ischemia, at the onset of ischemia, and at the maximum heart rate during the episode. We found, however, unlike the results of Imperi et al,32 that metoprolol did not blunt the heart rate rise occurring during the episodes of ischemia.
During the placebo-treatment period, there was a marked circadian variation in the incidence of episodes of silent ischemia, with a peak incidence in the morning hours after awakening as has been reported by others.32,47,48 During metoprolol treatment, the few episodes that were observed also occurred at the same time as the peaks during placebo treatment. Imperi et a132 similarly observed that metoprolol attenuated, but did not abolish, the circadian variation in silent ischemia. In studies of hypertensive patients, metoprolol has been shown only to blunt, and not to abolish, the morning surge in heart rate and blood pressure. 49 It is unclear whether the circadian variation of episodes of silent ischemia is due to periodic increases in myocardial oxygen demand (heart rate and blood pressure50,51), to episodic increases in coronary vasomotor tone, 52, 53 or to other factors yet to be identified. Although metoprolol is an effective antianginal agent by reducing the determinants of myocardial oxygen demand, the observation that ischemia occurred at a heart rate lower during metoprolol therapy than during placebo therapy indicates that metoprolol may be exerting a minor adverse effect by reducing the ischemia threshold, perhaps by facilitating vasoconstriction. Nonselective ,f-blockade with propranolol potentiates the coronary vasoconstrictive response to a cold pressor stimulus in patients with chronic stable angina studied in the catheterization laboratory,54 but this effect of reducing myocardial oxygen supply has not been shown to occur clinically in patients with stable coronary disease. The potentiation of coronary vasoconstriction has not been shown with cardioselective P-blockers.
Although metoprolol may be exerting a minor adverse effect on coronary flow, its net clinical effect is a major reduction in the manifestations of ischemia.
Effect of Metoprolol on Platelet Aggregability
Epidemiologic and clinical studies have shown a significant morning increase in the incidence of myocardial infarction, sudden cardiac death, and transient myocardial ischemia.1-8 Because platelet aggregation has been shown to have an important role in the pathophysiologic mechanism of unstable angina, sudden cardiac death, and myocardial infarction, recent evidence of an increase in platelet aggregability during the same time frame provided a possible explanation for the morning increase in the incidence of these diseases. 12 The importance of platelets in the onset of myocardial infarction has been underscored recently by the demonstration that even apparently healthy individuals can achieve a 45% reduction in the incidence of infarction when treated with aspirin.55 Previous studies of the morning increase of platelet aggregability, however, were limited to healthy male volunteers, a group not at high risk for cardiovascular disease. The present study shows the presence of a morning increase in platelet aggregability in patients with coronary artery disease who have a much higher risk of developing unstable angina, myocardial infarction, and sudden cardiac death. The basal level of platelet aggregability tended to be lower in the patients enrolled in this study compared with the previous study on normal subjects, a finding at variance with previous reports that platelet aggregability is higher in patients with coronary artery disease than in normal individuals. 15 The cardioprotective effect of ,B-adrenergic blockade may, in part, be due to an antiplatelet action. 24 However, a recent study showed a marked increased incidence of left ventricular thrombi in patients treated with the nonselective P-blocker timolol after acute myocardial infarction compared with the control group,56 although it is unknown whether this finding is related to an effect of the fl-blocker on platelets or to an effect on left ventricular wall motion. In addition, nonselective fl-blockers may increase platelet aggregability. 28 . 29 The present study shows that the relatively selective fl-blocker metoprolol does not have an adverse effect on platelet aggregability.
Clinical Implications
Episodes of transient asymptomatic ischemia in patients with coronary disease are probably due to a combination of reduced myocardial oxygen supply (transient vasoconstriction) and increased myocardial oxygen demand (transient increase in heart rate and/or blood pressure), a concept supported by the observations that fB-adrenergic blockers and calcium channel blockers each reduce episodes of silent ischemia out-of-hospital but that a combination of the two agents used together is more effective than either used alone. 34 Although an increase in platelet aggregability in the morning coincides with an increase in the incidence of episodes of silent ischemia, a causal relation between the two phenomena does not seem to occur. Metoprolol effectively suppressed the episodes of silent ischemia without altering platelet aggregability. In patients with stable coronary disease, platelets do not appear to contribute to the pathogenesis of silent ischemia.
